Bacterial adaptive immune systems use CRISPRs (clustered regularly interspaced short palindromic repeats) and CRISPRassociated (Cas) proteins for RNA-guided nucleic acid cleavage 1,2 . Although most prokaryotic adaptive immune systems generally target DNA substrates [3] [4] [5] , type III and VI CRISPR systems direct interference complexes against single-stranded RNA substrates [6] [7] [8] [9] . In type VI systems, the single-subunit C2c2 protein functions as an RNA-guided RNA endonuclease (RNase) 9, 10 . How this enzyme acquires mature CRISPR RNAs (crRNAs) that are essential for immune surveillance and how it carries out crRNA-mediated RNA cleavage remain unclear. Here we show that bacterial C2c2 possesses a unique RNase activity responsible for CRISPR RNA maturation that is distinct from its RNA-activated single-stranded RNA degradation activity. These dual RNase functions are chemically and mechanistically different from each other and from the crRNAprocessing behaviour of the evolutionarily unrelated CRISPR enzyme Cpf1 (ref.
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In type VI systems, the single-subunit C2c2 protein functions as an RNA-guided RNA endonuclease (RNase) 9, 10 . How this enzyme acquires mature CRISPR RNAs (crRNAs) that are essential for immune surveillance and how it carries out crRNA-mediated RNA cleavage remain unclear. Here we show that bacterial C2c2 possesses a unique RNase activity responsible for CRISPR RNA maturation that is distinct from its RNA-activated single-stranded RNA degradation activity. These dual RNase functions are chemically and mechanistically different from each other and from the crRNAprocessing behaviour of the evolutionarily unrelated CRISPR enzyme Cpf1 (ref.
11). The two RNase activities of C2c2 enable multiplexed processing and loading of guide RNAs that in turn allow sensitive detection of cellular transcripts.
The first step of CRISPR immune surveillance requires the processing of precursor crRNA transcripts (pre-crRNAs), consisting of repeat sequences flanking viral spacer sequences, into individual mature crRNAs that each contain a single spacer [12] [13] [14] . CRISPR systems use three known mechanisms to produce mature crRNAs: a dedicated endonuclease (for example, Cas6 or Cas5d in type I and III systems) [15] [16] [17] , coupling of a host endonuclease (for example, RNase III with a trans-activating crRNA in type II systems) 18 , or RNase activity intrinsic to the effector enzyme itself (for example, Cpf1 in type V systems) 11 . Because type VI CRISPR loci lack an obvious Cas6-or Cas5d-like endonuclease or trans-activating crRNA 10 , we wondered whether C2c2 itself might possess pre-crRNA processing activity, and if so, whether the mechanism would be distinct from Cpf1, an unrelated class 2 CRISPR effector that can process pre-crRNAs 11 . Using purified recombinant C2c2 protein homologues from three distinct branches of the C2c2 protein family (Fig. 1a , b, Extended Data Figs 1, 2), we found that all three enzymes cleave 5′-end radiolabelled pre-crRNA substrates consisting of a full-length consensus repeat sequence and a 20-nucleotide spacer sequence (Fig. 1c) . Mapping the cleavage site for each pre-crRNA-C2c2 homologue pair revealed that processing occurs either two or five nucleotides upstream of the predicted repeat-sequence hairpin structure, depending on the C2c2 homologue (Fig. 1c, Extended Data Fig. 3a) . Notably, these mapped 5′-cleavage sites do not agree with the b, Diagram of the type VI CRISPR loci used in this study. Black rectangles denote repeat elements, yellow diamonds denote spacer sequences. Cas1 and Cas2 are only found in the genomic vicinity of LshC2c2. c, C2c2-mediated cleavage of pre-crRNA derived from the LbuC2c2, LseC2c2 and LshC2c2 CRISPR repeat loci. OH, alkaline hydrolysis ladder; T1, RNase T1 hydrolysis ladder. Processing cleavage reactions were performed with 100 nM C2c2 and <1 nM pre-crRNA. Schematic of cleavage is depicted on the right and predicted pre-crRNA secondary structures are shown below, with arrows indicating the mapped C2c2 cleavage sites (nt, nucleotides).
LETTER RESEARCH
previously reported sites for Leptotrichia shahii (LshC2c2) or Listeria seeligeri (LseC2c2) pre-crRNAs 10 . Our analysis of the RNA sequencing dataset in ref. 10 indicates agreement of the in vivo cleavage site with the in vitro site reported here (Extended Data Fig. 3b-i) . Furthermore, cleavage assays using C2c2 from Leptotrichia buccalis (LbuC2c2) and a larger pre-crRNA comprising a tandem hairpinrepeat array yielded two products resulting from two separate cleavage events (Extended Data Fig. 4a ), consistent with a role for C2c2 in processing precursor crRNA transcripts generated from type VI CRISPR loci.
To understand the substrate requirements and mechanism of C2c2 guide-RNA processing, we generated pre-crRNAs containing mutations in either the stem-loop or the single-stranded flanking regions of the consensus repeat sequence, and tested their ability to be processed by LbuC2c2 (Fig. 2) . C2c2-catalysed cleavage was attenuated upon altering the length of the stem in the repeat region (Fig. 2a) . Inversion of the stem-loop or reduction of the loop length also reduced the processing activity of C2c2, while contiguous 4-nucleotide mutations including or near the scissile bond completely abolished it (Extended Data Fig. 4b ). More extensive mutational analysis of the full crRNA repeat sequence revealed two distinct regions on either side of the hairpin with marked sensitivity to base changes (Fig. 2b) . By contrast, there was no dependence on the spacer sequence for kinetics of processing (Extended Data Fig. 4c ). This sensitivity to both flanking regions of the hairpin is reminiscent of the sequence and structural motifs required by many Cas6 and Cas5d enzymes 12, 13, 19 . Cpf1, however, does not have any dependence on the 3′ hairpin flanking region, as the variable spacer region abuts the hairpin stem 11 . The processing activity of LbuC2c2 was unaffected by the presence of divalent metal ion chelators (Fig. 2c) , indicative of a metal-ionindependent RNA hydrolytic mechanism. Metal-ion-independent RNA hydrolysis is typified by the formation of a 2′,3′-cyclic phosphate and a 5′-hydroxide on the 5′ and 3′ halves of the crRNA cleavage products, respectively 20 . To determine the end-group chemical identity of C2c2-processed substrates, we incubated the 5′ flanking products with T4 polynucleotide kinase, which removes 2′,3′-cyclic phosphates to leave a 3′-hydroxyl; this resulted in altered denaturing-gel migration of the 5′ flanking product, consistent with the removal of a 3′ phosphate group (Extended Data Fig. 4d ). The divalent metal ion independence of the C2c2 pre-crRNA processing activity is in stark contrast with the divalent metal ion dependency of Cpf1, the only other single-protein CRISPR effector shown to perform guide processing 11 . Collectively, these data indicate that C2c2-catalysed pre-crRNA cleavage is a divalent metal-ion-independent process that probably uses a general acid-base catalysis mechanism 20 . After maturation, crRNAs typically bind with high affinity to Cas effector protein(s) to create RNA-guided surveillance complexes capable of sequence-specific nucleic acid recognition 1, 2, 21 . In agreement with previous work on LshC2c2 (ref. 9), LbuC2c2 catalysed efficient target RNA cleavage only when such substrates could base pair with a complementary sequence in the crRNA (Extended Data Figs 5-7) . Given the promiscuous pattern of cleavage observed for C2c2 (Extended Data Fig. 6 ), we tested the ability of LbuC2c2 to act as a crRNA-activated non-specific RNA endonuclease in trans (Extended Data Fig. 5b ). In marked contrast to non-target cleavage experiments performed in cis and consistent with observations for LshC2c2 (ref. 9), we observed rapid degradation of non-target RNA (Extended Data  Fig. 5b) ; thus, target recognition activates C2c2 for general nonspecific degradation of RNA. Importantly, the similar cleavage rates and near-identical cleavage products observed for both cis on-target cleavage and trans non-target cleavage of the same RNA substrate implicate the same nuclease centre in both activities (Extended Data  Fig. 5b) .
crRNA-mediated cleavage of target single-stranded RNA (ssRNA) occurs ~80-fold faster than pre-crRNA processing (Fig. 3a) . In contrast to pre-crRNA processing, RNA-guided target cleavage is abolished in the presence of EDTA, indicating that this activity is divalent metal ion-dependent (Fig. 3a, Extended Data Figs 5c, 7 ). Given these clear differences, we reasoned that C2c2 might possess two orthogonal RNA cleavage activities: crRNA maturation, and crRNA-directed, nonspecific RNA degradation. To test this hypothesis, we generated mutants within several residues within the conserved HEPN (higher eukaryotes and prokaryotes nucleotide-binding domain) motifs of LbuC2c2 (refs 9, 22-24) and assessed their pre-crRNA processing and RNA-guided RNase activities (Fig. 3, Extended Data Fig. 7d ). Double and quadruple mutants (R472A, H477A, R1048A and H1053A) retained robust pre-crRNA cleavage activity (Fig. 3c) , but all HEPN mutations abolished RNA-guided cleavage activity without affecting crRNA or ssRNA binding ability 9 (Extended Data Figs 7d, 8 ). We sought mutations that would abrogate pre-crRNA processing activity without disrupting target RNA cleavage. Given that we were unable to predict any other potential RNase motifs beyond the HEPN motifs, and that C2c2 proteins lack homology to Cpf1, we opted to mutate charged residues throughout LbuC2c2 systematically. We identified an arginine residue (R1079A) that upon mutation resulted in severely attenuated pre-crRNA processing activity (Fig. 3c) . This C2c2 mutant enzyme retained crRNA-binding ability as well as RNA target cleavage activity (Extended Data Fig. 8d, Fig. 3d ). These results show that distinct active sites within the C2c2 protein catalyse pre-crRNA processing and RNA-directed RNA cleavage. 
We recognized that the robust RNA-stimulated cleavage of substrates by C2c2 in trans might be used to detect specific RNAs within a pool of transcripts. While many polymerase-based methods have been developed for RNA amplification and subsequent detection, few approaches are able to detect target RNA directly without considerable engineering or stringent design constraints for each new RNA target 20, [25] [26] [27] . As a readily programmable alternative, we tested whether the RNA-guided trans-endonuclease activity of C2c2 could be harnessed to cleave a fluorophore quencher-labelled reporter RNA, thereby resulting in increased fluorescence upon target-RNA-triggered RNase activation (Fig. 4a) . LbuC2c2 was loaded with bacteriophage λ-targeting crRNAs and tested for its ability to detect the corresponding λ ssRNA targets spiked into HeLa cell total RNA. Upon addition of as little as 1-10 pM complementary λ target RNA, a substantial crRNA-specific fluorescence increase occurred within 30 min ( Fig. 9a ). At 10 pM concentration of a λ target RNA, only ~0.02% of the C2c2-crRNA complex is predicted to be in the active state, yet the observed fluorescent signal reflected ~25-50% cleavage of the reporter RNA substrate, depending on the RNA target. Fragment size resolution of the background RNA in these reactions revealed considerable degradation, even on highly structured tRNAs (Extended Data Fig. 9b ). Since reporter RNA cleavage occurs in the presence of a vast excess of unlabelled RNA, we conclude that LbuC2c2 is a robust multiple-turnover enzyme capable of at least 10 4 turnovers per target RNA recognized. Thus, in contrast to previous observations 9 , crRNA-directed trans cleavage is potent and detectable even at extremely low levels of activated protein.
To extend this LbuC2c2 RNA detection system, we designed a crRNA to target endogenous β-actin mRNA. We observed a measurable fluorescence increase in the presence of human total RNA relative to Escherichia coli total RNA, demonstrating the specificity of this method (Fig. 4c) . Furthermore, given that C2c2 processes its own guide, we combined pre-crRNA processing and RNA detection in a single reaction by designing tandem crRNA-repeat-containing spacers complementary to target RNAs A and λ2. LbuC2c2 incubated with this unprocessed tandem guide RNA in the detection assay generated a substantial fluorescence increase similar in magnitude and sensitivity to experiments using mature crRNAs ( Fig. 4b, d ). Taken together, these data highlight the exciting opportunity to take advantage of the two distinct RNase activities of C2c2 for a range of biotechnological applications (Fig. 4e) .
In bacteria, C2c2 probably operates as a sentinel for viral RNAs 9 . We propose that when invasive transcripts are detected within the host cell via base pairing with crRNAs, C2c2 is activated for promiscuous cleavage of RNA in trans (Fig. 4e ). This bears notable similarity to RNase L and caspase defence mechanisms in eukaryotes, in which a cellular signal triggers promiscuous ribonucleolytic and proteolytic degradation, respectively, within the host cell, leading to apoptosis 28, 29 . While the RNA targeting mechanisms of type III CRISPR systems generally result in RNA cleavage within the protospacer-guide duplex 8, 30 , recent examples of associated nucleases Csx1 (ref. 23) and Csm6 (ref. 24) provide compelling parallels between the type VI systems and the multi-component type III inference complexes.
Our data show that CRISPR C2c2 proteins represent a class of enzyme capable of two separate RNA recognition and cleavage activities. Efficient pre-crRNA processing requires sequence and structural motifs within the CRISPR repeat that prevent nonendogenous crRNA loading and helps to reduce the potential toxicity of this potent RNase. The entirely different pre-crRNA processing mechanisms of C2c2 and the type V CRISPR effector protein Cpf1 indicate that each protein family has converged upon independent activities encompassing both the processing and interference functions of their respective CRISPR pathways. Furthermore, the two distinct catalytic capabilities of C2c2 can be harnessed together for RNA detection, as the activation of C2c2 to cleave thousands of trans RNAs for every target RNA detected enables potent signal amplification. The capacity of C2c2 to process its own guide RNAs from arrays could also allow the use of tissue-specific polymerase II promoters for guide expression, in addition to target multiplexing for a wide range of applications. The C2c2 enzyme is unique within bacterial adaptive immunity for its dual RNase activities, and highlights the utility of harnessing CRISPR proteins for precise nucleic acid manipulation in cells and cell-free systems. Reviewer Information Nature thanks M. White, J. Wilusz and the other anonymous reviewer(s) for their contribution to the peer review of this work. 

METHODS
No statistical methods were used to predetermine sample size. The experiments were not randomized, and investigators were not blinded to allocation during experiments and outcome assessment. C2c2 phylogenic and candidate selection. C2c2 maximum-likelihood phylogenies were computed using RAxML 31 with the PROTGAMMALG evolutionary model and 100 bootstrap samplings. Sequences were aligned by MAFFT with the 'einsi' method 32 . C2c2 protein production and purification. Expression vectors for protein purification were assembled using synthenic gBlocks ordered from Integrated DNA Technologies. The codon-optimized C2c2 genomic sequence was N-terminally tagged with a His 6 -MBP-TEV cleavage site, with expression driven by a T7 promoter. Mutant proteins were cloned via site-directed mutagenesis of wild-type C2c2 constructs. Expression vectors were transformed into Rosetta2 E. coli cells grown in 2×YT broth at 37 °C. E. coli cells were induced during log phase with 0.5 mM ITPG, and the temperature was reduced to 16 °C for overnight expression of His-MBP-C2c2. Cells were subsequently harvested, resuspended in lysis buffer (50 mM Tris-HCl pH 7.0, 500 mM NaCl, 5% glycerol, 1 mM TCEP, 0.5 mM PMSF, and EDTA-free protease inhibitor (Roche)) and lysed by sonication, and the lysates were clarified by centrifugation. Soluble His-MBP-C2c2 was isolated over metal ion affinity chromatography, and protein-containing eluate was incubated with TEV protease at 4 °C overnight while dialyzing into ion exchange buffer (50 mM Tris-HCl pH 7.0, 250 mM KCl, 5% glycerol, 1 mM TCEP) in order to cleave off the His 6 -MBP tag. Cleaved protein was loaded onto a HiTrap SP column and eluted over a linear KCl (0.25-1.5 M) gradient. Cation exchange chromatography fractions were pooled and concentrated with 30 kDa cutoff concentrators (Thermo Fisher). The C2c2 protein was further purified via size-exclusion chromatography on an S200 column and stored in gel filtration buffer (20 mM Tris-HCl pH 7.0, 200 mM KCl, 5% glycerol, 1 mM TCEP) for subsequent enzymatic assays. Expression plasmids are deposited with Addgene. Generation of RNA. All RNAs used in this study were transcribed in vitro except for crRNA AES461, which was ordered synthetically (Integrated DNA Technologies) (see Extended Data Table 1 , Extended Data Fig. 6 ). In vitro transcription reactions were performed as previously described with the following modifications: the T7 polymerase concentration was reduced to 10 μg ml −1 , and the UTP concentration was reduced to 2.5 mM
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. Transcriptions were incubated at 37 °C for 1-2 h to reduce non-template addition of nucleotides and quenched via treatment with DNase I at 37 °C for 0.5-1 h. Transcription reactions were purified by 15% denaturing polyacrylamide gel electrophoresis (PAGE), and all RNAs were resuspended in cleavage buffer (20 mM HEPES pH 6.8, 50 mM KCl, 5 mM MgCl 2 , and 5% glycerol). For radioactive experiments, 5′ triphosphates were removed by calf intestinal phosphate (New England Biolabs) before radiolabelling and ssRNA substrates were then 5′-end labelled using T4 polynucleotide kinase (New England Biolabs) and [γ- Pre-crRNA processing assays. Pre-crRNA cleavage assays were performed at 37 °C in RNA processing buffer (20 mM HEPES pH 6.8, 50 mM KCl, 5 mM MgCl 2 , 10 μg ml −1 BSA, 10 μg ml −1 tRNA, 0.05% Igepal CA-630 and 5% glycerol) with a 100-fold molar excess of C2c2 relative to 5′-labelled pre-crRNA (final concentrations of 100 nM and <1 nM, respectively). Unless otherwise indicated, the reaction was quenched after 1 h with 1.5× RNA loading dye (100% formamide, 0.025% (w/v) bromophenol blue and 200 μg ml −1 heparin). After quenching, reactions were denatured at 95 °C for 5 min before resolving by 12% or 15% denaturing PAGE (0.5× TBE buffer). Metal dependence of the reaction was tested by addition of EDTA or EGTA to the reaction buffer at concentrations varying from 10 to 100 mM. Bands were visualized by phosphorimaging and quantified with ImageQuant (GE Healthcare). The percentage cleavage was determined as the ratio of the product band intensity to the total intensity of both the product and uncleaved precrRNA bands and normalized for background within each measured substrate using ImageQuant TL Software (GE Healthcare) and fit to a one phase exponential association using Prism (GraphPad). Product size mapping and 3′ end moiety identification. Cleavage product length was determined biochemically by comparing gel migration of product bands to alkaline hydrolysis and RNase T1 digestion ladders using the RNase T1 Kit from Ambion. For the hydrolysis ladder, 15 nM full-length RNA substrates were incubated at 95 °C in 1× alkaline hydrolysis buffer (Ambion) for 5 min. Reactions were quenched with 1.5× RNA loading buffer, and cooled to −20 °C to immediately stop hydrolysis. For the RNase T1 ladder, 15 nM full-length RNA substrates were unfolded in 1× RNA sequencing buffer (Ambion) at 65 °C. Reactions were cooled to ambient temperature, and then 1 U of RNase T1 (Ambion) was added to reaction. After 15 min, reactions were stopped by phenol-chlorofrom extraction and 1.5× RNA loading buffer was added for storage. Hydrolysis bands were resolved in parallel to cleavage samples on 15% denaturing PAGE and visualized by phosphorimaging.
For 3′ end moiety identification, products from the processing reaction were incubated with 10 U of T4 polynucleotide kinase (New England Biolabs) for 1 h at 37 °C in processing buffer. Reactions were quenched with 1.5× RNA loading buffer, resolved on 20% denaturing PAGE and visualized by phosphorimaging. Small RNA sequencing analysis. RNA reads from ref. 10 were downloaded from SRA runs SRR3713697, SRR3713948 and SRR3713950. The paired-end reads were locally mapped to the reference sequences using Bowtie2 (ref. 34) with the following options: "-reorder-very-fast-local-local". The mapping was then filtered to retain only alignments that contained no mismatch using mapped.py (https:// github.com/christophertbrown/mapped) with the "-m 0 -p both" options. BAM files of the resulting mapping are in the Supplementary Information. Read coverage was visualized using Geneious and plotted using Prism (GraphPad). Target cleavage assays. Target cleavage assays were performed at 25 °C or 37 °C in cleavage buffer (20 mM HEPES pH 6.8, 50 mM KCl, 5 mM MgCl 2 and 5% glycerol). crRNA guides were pre-folded by heating to 65 °C for 5 min and then slowly cooling to ambient temperature in cleavage buffer. C2c2-crRNA complex formation was performed in cleavage buffer, generally at a molar ratio of 2:1 protein to crRNA at 37 °C for 10 min, before adding 5′-end labelled target and/or other nonradiolabelled RNA target substrates. Unless otherwise indicated, final concentrations of protein, guide and targets were 100 nM, 50 nM and <1 nM, respectively, for all reactions. Reactions were quenched with 1.5× RNA loading dye and resolved by 15% denaturing PAGE (0.5× TBE buffer). Bands were visualized by phosphorimaging and quantified with ImageQuant (GE Healthcare). The percentage cleavage was determined as the ratio of total banding intensity for all shorter products relative to the uncleaved band and normalized for background within each measured substrate using ImageQuant TL Software (GE Healthcare) and fit to a one phase exponential association using Prism (GraphPad). crRNA filter-binding assays. Filter binding assays were carried out in RNA processing buffer (20 mM HEPES pH 6.8, 50 mM KCl, 5 mM MgCl 2 , 10 μg ml −1 BSA, 10 μg ml −1 yeast tRNA, 0.01% Igepal CA-630 and 5% glycerol). LbuC2c2 was incubated with radiolabelled crRNA (<0.1 nM) for 1 h at 37 °C. Tufryn, Protran and Hybond-N + were assembled onto a dot-blot apparatus in the order listed above. The membranes were washed twice with 50 μl equilibration buffer (20 mM HEPES pH 6.8, 50 mM KCl, 5 mM MgCl 2 and 5% glycerol) before the sample was applied to the membranes. Membranes were again washed with 50 μl equilibration buffer, dried and visualized by phosphorimaging. Data were quantified with ImageQuant TL Software (GE Healthcare) and fit to a binding isotherm using Prism (GraphPad Software). All experiments were carried out in triplicate. Dissociation constants and associated errors are reported in the figure legends. Electrophoretic mobility-shift assays. To avoid the dissociation of the LbuC2c2-dHEPN1/dHEPN2-crRNA complex at low concentrations during ssRNA-binding experiments, binding reactions contained a constant excess of LbuC2c2-dHEPN1/ dHEPN2 (200 nM), and increasing concentrations of crRNA-A and <0.1 nM target ssRNA. Assays were carried out in C2c2 EMSA buffer (20 mM HEPES pH 6.8, 50 mM KCl, 10 μg ml −1 BSA, 100 μg ml −1 yeast tRNA, 0.01% Igepal CA-630 and 5% glycerol). LbuC2c2-crRNA-A complexes were pre-formed as described above for 10 min at 37 °C before the addition of 5′-radiolabelled ssRNA substrate and a further incubation for 45 min at 37 °C. Samples were then resolved by 8% native PAGE at 4 °C (0.5× TBE buffer). Gels were imaged by phosphorimaging, quantified using ImageQuant TL Software (GE Healthcare) and fit to a binding isotherm using Prism (GraphPad Software). All experiments were carried out in triplicate. Dissociation constants and associated errors are reported in the figure legends. Fluorescent RNA detection assay. LbuC2c2-crRNA complexes were preassembled by incubating 1 μM of LbuC2c2 with 500 nM of crRNA for 10 min at 37 °C. These complexes were then diluted to 100 nM LbuC2c2, 50 nM crRNA, in RNA processing buffer (20 mM HEPES pH 6.8, 50 mM KCl, 5 mM MgCl 2 , 10 μg ml −1 BSA, 10 μg ml −1 yeast tRNA, 0.01% Igepal CA-630 and 5% glycerol) in the presence of 185 nM of RNAase-Alert substrate (Thermo-Fisher), 100 ng of HeLa total RNA and increasing amounts of target 60-nucleotide ssRNA (0-1 nM). These reactions were incubated in a fluorescence plate reader (Tecan Infinite Pro F200) for up to 120 min at 37 °C with fluorescence measurements taken every 5 min (λ ex : 485 nm; λ em : 535 nm). Background-corrected fluorescence values were obtained by subtracting fluorescence values obtained from reactions carried out in the absence of target ssRNA. Maximal fluorescence was measured by incubating 50 nM RNase A with 185 nM of RNAase-Alert substrate. For measurement of crRNA-ACTB-mediated LbuC2c2 activation by β-actin mRNA in human total RNA, LbuC2c2-crRNA complexes were preassembled by incubating 1 μM of LbuC2c2 with 500 nM of crRNA-ACTB for 10 min at 37 °C and reactions were carried out in the conditions above in the presence of increasing amounts (0-1 μg) of either HeLa cell total RNA or E. coli total RNA (as a negative control). These reactions were incubated in a fluorescence plate reader for up to 180 min at 37 °C with fluorescence measurements taken every 5 min (λ ex : 485 nm; λ em : 535 nm). Background-corrected fluorescence values were obtained by subtracting fluorescence values obtained from reactions carried out in the absence of target ssRNA. For coupled pre-crRNA processing and RNA detection assays, LbuCas9-crRNA complexes were preassembled by incubating 1 μM of LbuC2c2 with 500 nM of pre-crRNA-A-λ2 for 20 min at 37 °C and reactions carried out as described above in the presence of increasing amounts of ssRNA A and ssRNA λ2 (0-1 nM each). In each case, error bars represent the standard deviation from three independent experiments. Background cleavage in total RNA. LbuC2c2-crRNA-λ4 complexes were assembled as previously described for fluorescence RNA detection assay. Complexes were incubated in RNA processing buffer in the presence of 3 μg total RNA with and without 10 nM λ4 ssRNA target. After 2 h, RNA was isolated by trizol extraction and ethanol precipitation. The RNA fragment size distribution of resuspended samples was resolved using Small RNA Analysis Kit (Agilent) on a Bioanalyzer 2100 (Agilent) using the manufacturer's protocol. Fluorescent intensity curves were normalized in Prism for curve overlay (GraphPad Software). This mapping clearly indicates that the 5′ ends of small RNA sequencing reads generated from Lsh pre-crRNAs map to a position 2 nucleotides from the base of the predicted hairpin, in agreement with our in vitro processing data (a). This pattern holds for all mature crRNAs detected from both native expression in L. shahii and heterologous expression in E. coli (data not shown, BAM file available in Supplementary Information). Unfortunately, the LseC2c2 crRNA sequencing data (used in g-i) is less informative owing to low read depth, and each aligned crRNA exhibits a slightly different 5′ end with little obvious uniformity. The mapping for one of the processed repeats (repeat-spacer 2; i) is in agreement with our data but only with low confidence due to the insufficient read depth. A.2 versus A.3) indicates that the cleavage site choice is primarily driven by a uracil preference and exhibits an apparent lack of exclusive cleavage mechanism within the crRNA-complementary target sequence, which is in contrast to what is observed for other class II CRISPR single effector complexes such as Cas9 and Cpf1 (refs 11, 21) . Notably, the cleavage pattern observed for substrate A.0 hints at a secondary preference for polyG sequences. b, LbuC2c2 ssRNA target cleavage assay as per Methods, using a range of crRNAs that tile the length of the ssRNA target. The sequence of the ssRNA substrates used in this experiment is shown below the gel with spacer-complementary sequences for each crRNA highlighted in yellow. Arrows indicate predicted cleavage sites. Above each set of lanes, a small diagram indicates the location of the spacer sequence along the target (yellow box) and the cleavage products observed (red arrows) or absent (black arrows). Likewise, it should be noted that for every crRNA the cleavage product length distribution is very similar, again indicating an apparent lack of exclusive cleavage within the crRNA-bound sequence. The absence of a several cleavage products in a subset of the reactions might be explained by the presence of bound C2c2-crRNA on the ssRNA target, which could sterically occlude access to uracils by any cis (intramolecular) or trans (intermolecular) LbuC2c2 active sites. While proper analysis for protospacer flanking site (PFS) preference for LbuC2c2 is beyond the scope of this study, minimal impact of the 3′ flanking nucleotide was observed. Expected PFS base is noted in diagram next to each guide tested in red. 
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